Abstract Eight cultivars of Brassica oleracea var. capitata and two types of explant (hypocotyl and cotyledon) were tested for their potential to regenerate under in vitro conditions. Hypocotyl and cotyledon explants from 10-d-old seedlings were subcultured onto different callus induction media based on Murashige and Skoog (MS) basal medium supplemented with 1% sucrose and different concentrations and combinations of plant growth regulators. Hypocotyl explants were found to be more suitable for callus induction and organogenesis than cotyledon explants for all cultivars tested. In terms of regeneration, the cv. 'Amager' was significantly more responsive than the other cultivars tested and produced the highest number of shoots/ buds per explant. Moreover, among five types of media tested, MS + 8.88 μM 6-benzyloaminopurine (BAP) + 0.53 μM α-naphthylacetic acid (NAA) was most effective for shoot regeneration. Rooting was achieved within 10-15 d on all the rooting media, but MS medium containing 5.37 μM NAA produced the maximum number of strong and healthy roots. Plantlets (95%) were subsequently established in the greenhouse, and no phenotypic variations were observed among regenerated plants. This plant regeneration protocol could be suitable for a wide range of cabbage cultivars.
Introduction
The popular crop plant cabbage belongs to the species Brassica oleracea (Capitata Group) of the family Brassicaceae (or Cruciferae). China is the leading producer of cabbage worldwide, followed by India and the Russian Federation, whereas Poland takes the eight place (FAOSTAT 2012) . This crop is an excellent source of calcium, vitamins C, K, and A, and folic acid; it also contains significant amounts of glutamine and amino acids that have anti-inflammatory properties. Cabbage can be also included in diet programs, as it contains crude fiber and is a low-calorie food. In contrast to seed brassicas, cabbage is mainly used for pickle and fodder. The quality of cabbage suffers due to its susceptibility to a number of pests and diseases. Generally, this crop is damaged by cabbage butterfly worm or fungal diseases caused by Botrytis cinerea, Alternaria brassicola, Plasmodiophora brassicae, or Pythium spp. To improve the yield of B. oleracea, considerable research has been conducted to optimize tissue culture and transformation protocols. Brassica spp. are generally considered to be recalcitrant in tissue culture. However, there are several reports regarding cabbage, canola, and broccoli transformation (Metz et al. 1995; Jin et al. 2000; Li et al. 2005; Sretenović-Rajičić et al. 2006; Sretenović-Rajičić et al. 2007; Bhala and Singh 2008) . Also, in vitro regeneration from different explants via organogenesis has been achieved (Bajaj and Nietsch 1975; Sparrow et al. 2004; Munshi et al. 2007; Pavlović et al. 2010) . So far, with respect to cabbage, shoot regeneration has been achieved from various tissues and organs, including hypocotyls, cotyledons, roots, leaves, peduncle segments, callus and cell cultures, thin cell layers, protoplasts, and immature zygotic embryos (reviewed by Cardoza and Stewart 2004; Kiełkowska and Adamus 2012; Pavlović et al. 2013; Ravanfar et al. 2014) . A range of studies have noted substantial variation even if the same species or cultivar were investigated. Therefore, we deemed it necessary to investigate the shoot-regeneration ability in B. oleracea var. capitata that could be a prospective material for further transformation and breeding. All cultivars tested in this study are among those mostly cultivated in Poland. According to our best knowledge, there have been no reports concerning in vitro regeneration of these cultivars using hypocotyl-or cotyledonderived explants. Furthermore, only scanty data is available for regeneration of B. oleracea var. capitata. While, regeneration of hypocotyl-derived explants has been reported, in the case of cotyledon explants, the success was limited (Jin et al. 2000 ; reviewed by Cardoza and Stewart 2004 ; reviewed by Ravanfar et al. 2014) . Furthermore, since it is known that genotype specificity strongly influences plant regeneration, the development of a reliable and reproducible regeneration protocol for different genotypes or cultivars is indispensable. Therefore, it is beneficial to study the regeneration potential of the wider range of cabbage cultivars. Here, we present a protocol for in vitro regeneration of eight cabbage cultivars via indirect organogenesis using two types of explants, namely hypocotyls and cotyledons.
Materials and Methods
Eight commercial cultivars of B. oleracea var. capitata, i.e., 'Zora', 'Brunświcka', 'Ula', 'Ditmarska', 'Kamienna głowa', 'Amager', 'Sława of Enkhuizen', and 'Replika', were used in this study. The seeds of B. oleracea var. capitata cultivars were provided by PNOS PlantiCo Ltd (Zielonki, Poland) and KHNO POLAN Ltd. (Kraków, Poland) Mature seeds were first rinsed in 50% (v/v) ethanol for 5 min, and then rinsed in distilled sterile water (32,009× 3 min). Next, they were surface-sterilized in 50% (v/v) commercial bleach for 5 min and subsequently rinsed in distilled sterile water (3×3 min). The sterilized seeds were germinated in Petri dishes (6 seeds per dish) on basic Murashige and Skoog (MS) medium containing 1% (w/v) sucrose and 0.8% agar (w/v), pH 5.8 (Murashige and Skoog 1962) , without plant growth regulators.
Cotyledon and hypocotyl explants were aseptically excised from 10-d-old seedlings and cultured on five types of MS solid shoot-regenerating media supplemented with 1% sucrose and with different concentrations and combinations of plant growth regulators (i.e., MS alone; MS+4.44 μM 6-benzyloaminopurine (BAP); MS+2.22 μM BAP+0.53 μM α-naphthylacetic acid (NAA); MS+4.44 μM BAP+0.53 μM NAA; MS+8.88 μM BAP+0.53 μM NAA). All cultures were maintained in a growth room under an 8-h dark/16-h light photoperiod (~3000 lx) at 23± 2°C. Explants were subcultured at regular intervals of 4 wk. Data on callus and the bud/shoot induction, multiplication from explants as well as rooting were collected after 4 wk of culture, while growth characteristics and time required for the process initiation were observed every week. Each of eight cultivars was cultured on five different media to assess the regeneration ability of the tested material, each experiment was repeated three times, and the total number of explants was 180 (60 explants per repeat).
After 4 wk of culture on shoot-regenerating medium, single-regenerated shoots (1.0-1.5 cm in length) were transferred to rooting media consisting of MS salts, 1% sucrose and 0.7% agar (pH 5.8), supplemented with either 0, 2.68, 5.37, or 8.05 μM NAA.
The percentage of explants with bud regeneration ([the number of explants with adventitious buds/total number of explants]×100) and the average number of buds per explant (the number of explants forming adventitious buds) were calculated for the explants that had been cultured for 4 wk ( Table 2) .
Experimental design and statistical analysis. The data were subjected to one-way analysis of variance (ANOVA), and the differences among means were compared by Tukey's test (P<.05).
Results and Discussion
The seeds of each B. oleracea cultivar were germinated on plant growth regulator-free MS medium. After 10 d, the percentage of germination was highest in 'Replika' (94.4%) followed by 'Zora', 'Brunświcka', 'Kamienna głowa', 'Amager', 'Ula', 'Sława of Enkhuizen ', and 'Ditmarska' (90.7, 90.5, 68.5, 65.9, 61, 52.7, and 58%, respectively) . Ten days after germination, seedlings were about 4-5 cm long and were harvested for use as explants.
The use of hypocotyls and/or cotyledons as explants for in vitro plant regeneration has received significant attention. Moreover, as many studies indicate, these explants possess a high capacity for shoot organogenesis, somatic embryogenesis, and protoplast culture (Cardoza and Stewart 2004 ). Here, we tested the ability of two types of cabbage explants: hypocotyls and cotyledons, to regenerate entire plants via indirect organogenesis. Hypocotyl and cotyledon explants excised from aseptically grown 10-d-old cabbage seedlings were cultured on MS and MS containing BAP alone or in combination with NAA to promote shoot initiation and multiplication (Fig. 1a, d-h ). In general, callus was readily obtained, with hypocotyls producing much more callus than cotyledons (Table 1) . Swelling of explants was observed within 1 wk (Fig. 1b, c) . Callus was initiated within 10-14 d, and adventitious bud formation occurred soon after ( Fig. 1d-g ). In general, the hypocotyl-derived callus produced a higher bud regeneration frequency than the cotyledon-derived callus. The bud regeneration frequency varied among cultivars, explant type, and medium composition ( Table 2 ). The formation of calli and shoots was observed on cut edges and/or in the central region of explant tissues (Fig. 1c) . Moderate callus induction was observed both in hypocotyl and cotyledon cultures. Calli raised from hypocotyl explants were green or pale yellow and friable (Fig. 1c, g ), while those from cotyledons were compact and slow growing (data not shown).
The results of callus induction varied with respect to treatments and cultivars. For all B. oleracea cultivars, use of hypocotyl explants resulted in a higher percentage of callus formation, ranging from 16.5 to 100% on different media (Table 1) . Moreover, among five tested media, MS + 8.88 μM BAP+0.53 μM NAA gave the best results on average, with 100% of explants producing callus for cv. 'Zora', 'Replika', and 'Sława of Enkhuizen', while the minimum rate of callus formation on this medium was 77.7% for 'Kamienna głowa' (Table 1) . Across all media, the results showed that 'Zora' closely followed by 'Replika' produced the most callus. For 'Sława of Enkhuizen', 'Amager', 'Ula', and 'Ditmarska', the results were much lower, while 'Kamienna głowa' and 'Brunświcka' hypocotyl explants revealed the lowest callus response (Table 1 ). The lowest responses were noted for MS medium without plant growth regulators.
On the other hand, callus induction for cotyledon explants was low overall (between 0 and 50%), and callus was only generated in five cultivars, i.e., 'Ula', 'Sława of Enkhuizen', 'Replika', 'Zora', and 'Brunświcka', but not in 'Amager', 'Kamienna głowa', or 'Ditmarska'. Only the 'Brunświcka' cultivar produced callus from cotyledon explants on all tested media. Similar results were obtained for 'Zora', but excluded MS only medium. However, as we later discovered, the amount of callus produced from either explant did not positively correlate with the shootregeneration response (Table 2 ). In in vitro cultures of different plant species are vulnerable to chlorosis as well as necrosis when explants remain in the All values are means and standard error (±SE) and those followed by a different letter within a column (for each variety separately) are significantly different at P<0.05 according to Tukey's test medium for long periods of time. This might result from leaking of phenolic compounds from explants to the medium followed by their oxidation producing toxic compounds, and Brassica species including cabbage are rich sources of phenolic compounds. Accumulation of ethylene in the culture plates as a result of low gas exchange can be another explanation. During our experiments over time of 4 wk, in all tested cultivars, cotyledon explants showed progressive chlorosis (they turned yellow), and they finally became brown and died (cv. 'Ula' 82% of explants, 'Ditmarska' 62%, 'Amager' 23.3%, 'Kamienna głowa' 99%, 'Sława of Enkhuizen' 100%, 'Replika' 100%, 'Zora' 99%, and 'Brunświcka' 95.5%; Fig. 2) . Qin et al. (2007) observed similar effects during in vitro culture of broccoli. Addition of small amounts of silver nitrate (AgNO 3 ) to the medium could be a possible solution to this problem. This compound is known to inhibit ethylene and has been shown to increase shoot proliferation in B. oleracea var. italica (Qin et al. 2007 ), Brassica rapa (Cogbill et al. 2010) , and Brassica napus (Maheshwari et al. 2011 ).
The present study showed that hypocotyl explants derived from all the tested B. oleracea var. capitata cultivars were also efficient in in vitro shoot regeneration. Each of the five media induced different regeneration responses (Table 2) . Among eight varieties used, 'Amager' was most responsive in terms of percent of explants with shoot regeneration (88.8%) as well as the highest number of shoots/buds per explant (7.5). Although 'Zora' produced the most calli in the same culture period (data not shown), its capacity for shoot regeneration was the lowest. Thus, our results indicated that the genotype played an important role in callus induction and shoot formation. Similar studies of Zhang and Bhalla (2004) and Cardoza and Stewart (2004) showed that genotype effect was one of the most important factors of in vitro regeneration of B. oleracea. While the hypocotyl explants revealed high regeneration responses, for the cotyledon explants, it was generally very poor for all cultivars; 'Ditmarska', 'Sława', and 'Replika' did not show any response, whereas 'Kamiena głowa', 'Ula', 'Zora', and 'Brunświcka' showed negligible responses to all the media tested. Only 'Amager' showed a slightly higher regeneration response in the tested media, except MS+2.22 μM BAP+0.53 μM NAA (data not shown). As many independent studies showed, seedling hypocotyls are preferred for regeneration and transformation of Brassica spp. (Li et al. 2005; Sretenović-Rajičić et al. 2006; Munshi et al. 2007; Rafat et al. 2010) .
BAP either alone or in combination with auxin has been previously shown to be optimal for shoot regeneration and multiplication in different Brassica species (Metz et al. 1995; Jin et al. 2000; Munshi et al. 2007; Sretenović-Rajičić et al. 2007; Maheshwari et al. 2011) . The presence of BAP in the medium significantly increased the number of shoots produced per explant in rapid cycling B. oleracea in vitro (Cheng et al. 2001) . Furthermore, the addition of NAA was shown to significantly enhance shoot regeneration (Guo et al. 2005) . Therefore, in this study, we used the media containing BAP alone or in combination with NAA. The maximum number of shoots/buds per explant (7.5) was obtained with cv. 'Amager' from the hypocotyl explants cultured on MS+4.44 μM BAP. It is worth noting that relatively good responses were obtained using the same medium for 'Kamienna głowa' and 'Brunświcka' cultivars (6.8 and 4.16 buds/explant, respectively). However, on MS medium without supplementation, significantly lower values were obtained (1.1, 1.6, and 1.05 buds/explant, respectively, for 'Amager', 'Kamienna głowa', and 'Brunświcka'). A similar trend was observed in the others cultivars (Table 2 ). However cv. 'Ula', 'Ditmarska', 'Sława of Einkhuizen', 'Replika', and 'Zora' required both BAP (2.22 to 8.88 μM) and addition of a small amount of NAA (0.53 μM) to obtain increased numbers of shoots/buds per explants. Therefore, on the basis the results, we conclude that the presence of BAP in the medium was required to enhance the mean number of shoots/buds per explant. Moreover, in some cases, this could be improved further upon auxin supplementation. The Brassica cultivars exhibited enhanced frequency of shoot regeneration (from hypocotyl explants) on the media containing both phytohormones. The results obtained for 'Ula', 'Sława of Enkhuizen', 'Replika', and 'Brunświcka' were similar (frequency of explants with shoots ranged from 16.6 to 83.3%), whereas two cultivars 'Ditmarska' and 'Zora' showed poor shoot regeneration response (Table 2) . On the other hand, 'Amager' and 'Kamiena głowa' revealed higher results on the media with BAP alone (88.8 and 94.4%, respectively).
In most Brassica species, regeneration depends on the age of explants (Bhala and Singh 2008; Cogbill et al. 2010) , with younger explants resulting in better responses (Ovesna et al. 1993) . Explants from 3-or 4-d-old seedlings gave optimal regeneration rates in different Brassica spp.; however, these explants are too small and consequently difficult to manipulate (reviewed by Cardoza and Stewart 2004; Sparrow et al. 2004; Zhang and Bhalla 2004; Bhala and Singh 2008) . Thus, most researchers used explants excised from 5-to 7-or even 10-d-old seedlings (Munshi et al. 2007; Pavlović et al. 2010;  All values are means and standard error (±SE) and those followed by a different letter within a column (for each variety separately) are significantly different at P<0.05 according to Tukey's test Figure 3 Rooting on in vitro regenerated shoots in a MS and b MS supplemented with 5.37 μM NAA. Rafat et al. 2010) . Therefore, it can be concluded that age of explants is important for their ability to regenerate. During the present study, hypocotyls from 10-d-old seedlings showed better response toward indirect organogenesis. We also noted that the subtypes of hypocotyl explants (upper, middle, and lower sections of hypocotyls) did not show any differences in shoot regeneration (data not shown). This result was in agreement with a study using B. napus (Zhang and Bhalla 2004) . Successful rooting of in vitro-derived shoots is an integral part of each regeneration protocol. To achieve this, we used MS medium alone or MS medium supplemented with different concentrations of NAA (2.68, 5.37, or 8.05 μM). Our results showed that Brassica napus var. capitata had a high rooting ability, but there were slight differences among the tested cultivars (Table 3) . Overall, we observed that the addition of auxin significantly improved rooting in all tested cultivars. Similar correlations were reported by Munshi et al. (2007) for cabbage and Ravanfar et al. (2009) for broccoli (cv. 'Green Marvel'). Our best results were obtained using 5.37 μM NAA: 100% rooting was obtained for 'Amager', 'Kamienna głowa', 'Sława of Enkhuizen', and 'Brunświcka'; 93.3% for 'Ula' and 'Replika'; and 86.6% for 'Ditmarska' and 'Zora'. MS medium containing 5.37 μM NAA produced the maximum number of strong and healthy roots (Fig. 3) . It should be noted that while addition of NAA increased the number of roots produced per shoot, the average root length decreased ( Fig. 3b; Table 3 ). For example the maximum root length (6.7 cm) was attained on MS medium without NAA for 'Ula' while for the same cultivar on MS+NAA (2.68, 5.37, or 8.05 μM), the average root length was reduced to 5.8, 4.5, and 4.0 cm, respectively. This phenomenon was consistent in all tested cultivars. Pavlović et al. (2010) noticed a similar correlation in their studies on red cabbage (cv. 'Rubin'), broccoli (cv. 'Korvet'), savoy cabbage (cv. 'Vertus'), and cauliflower (cv. 'Rasa'). In our study, coinciding with the increasing NAA concentration, the root morphology became shorter and more stumpy when growing inside the medium or grew as a fluffy mass on the medium surface. MS medium without NAA on the other hand, resulted in fewer roots raised above the surface and were longer and thinner (Fig. 3a) . These results are in agreement with the observations of Ravanfar et al. (2009) on broccoli. Moreover, higher concentrations of NAA (5.2-8.0 μM) in the medium triggered callus formation at the base of the shoot, similar to the findings of Munshi et al. (2007) .
Rooting was achieved within 10-15 d for all the tested media. In the present study, supplementation of auxin did not accelerate the rooting process; however, it increased the quantity and quality of roots as compared to MS medium without auxin. Rooted plantlets were successfully acclimatized in a potting medium containing soil and perlite (3:1) and grew naturally in a greenhouse. Survival rate of the regenerated plants all of eight cultivars tested was 95%. No apparent phenotypic variations were observed among the regenerated plants.
Conclusions
The results showed that in B. oleracea var. capitata, a higher frequency of shoot regeneration was achieved form hypocotyl as compared to cotyledon explants. Nevertheless, considerable variation in shoot regeneration from hypocotyl explants were observed among the eight cultivars tested. The best results were obtained for 'Amager' followed by high levels of response observed in 'Kamienna głowa', 'Sława of Enkhuizen', 'Replika', 'Brunświcka', and 'Ula', whereas 'Ditmarska' and 'Zora' showed poor regeneration responses. 'Amager' was most responsive, showing the highest rate of shoot regeneration (88.8% of explants) as well as the highest number of shoot buds per explant (7.5).
In general, the regenerated plants from all tested cultivars showed high rooting ability. NAA, at all three concentrations (2.68, 5.37, and 8.05 μM), significantly improved the percentage of explants forming roots and mean number of roots produced per explant in all tested cultivars, as compared to MS treatment without plant growth regulators. The best rooting results were achieved on MS+5.37 μM NAA (for 'Amager', 'Kamienna głowa', 'Sława of Enkhuizen', and 'Brunświcka' cultivars). The regenerated plants (all tested cultivars) survived and grew in a greenhouse. From the above findings, it can be concluded that the regeneration protocol developed in this study is simple, reproducible, and applicable to a wide variety of B. oleracea var. capitata cultivars.
